Could a light Higgs boson illuminate the dark sector? 
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Abstract 

The impact a new neutral light particle of spin 0, 1/2, 1, or 3/2 could have on the tiny width 
of a light Higgs boson is systematically analyzed. To this end, we include all the relevant effective 
interactions, whether renormalizable or not, and review the possible signatures in the Higgs decay 
modes with missing energy. This includes the fully invisible Higgs boson decay, as well as modes 
with SM gauge boson or fermions in the final state. In many cases, simply preventing these 
<**] ■ modes from being dominant suffices to set tight model-independent constraints on the masses and 

Q-l couplings of the new light states. 

1 Introduction 

Recently, some hints of a relatively light Higgs boson were announced by the CMS and Atlas collab- 
orations [I], with a mass somewhere between 120 and 130 GeV. What may be most spectacular for 
masses in this range is the tiny width of the Higgs boson in the Standard Model (SM) [2J: 

^-SXIO-, (!) 

to be compared to Tz/Mz ~ Tw/M\y ~ 2.5% for the SM gauge bosons. So, the Higgs boson would 
actually be as narrow as the cc and bb resonances, Tj/^/Mj/^ « 3 x 10~ 5 and r T (i5)/Mx(i5) ~ 
0.6 x 10" 5 0. 

With its dramatic suppression in the SM, the Higgs boson width offers an interesting window for 
New Physics (NP). Indeed, many models predict the existence of new light particles (see e.g. Ref. [1] 
for a review), for example as the pseudo-Goldstone bosons of some spontaneous symmetry breaking, 
or as messengers towards a dark sector to which our world is only very weakly connected. Provided 
these particles are neutral, colorless, and sufficiently weakly interacting, they could have escaped 
detection up to now (and will thus be referred to as dark particles). This also ensures they do not 
affect the SM Higgs boson production and decay rates into SM particles, but they could nevertheless 
open new decay channels. 

The dark particles being very weakly interacting, they would show up as missing energy (denoted 
as $]). In particular, they would enhance the invisible width of the Higgs boson, T(h° — > p). But, even 
if the total width gets enhanced by a factor of ten say, given the current and foreseeable experimental 
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Fermions 


Bosons 


M H 120 130 


M H 120 130 


bb 0.68 0.53 
tt 0.068 0.054 
cc 0.032 0.025 
ss 0.0006 0.0005 
fifi 0.0002 0.0002 


WW 0.13 0.28 
gg 0.068 0.063 
0.015 0.038 
77 0.0022 0.0022 
Z 7 0.0011 0.0019 



Table 1: Dominant branching ratios of the Higgs boson in the SM (from Ref. [2]), for a mass of 120 
and 130 GeV. The corresponding total widths are T h = 3.7 MeV and 5.0 MeV. In the WW and ZZ 
decay channels, one gauge boson is off-shell. 

resolutions, it would still be beyond reach (see e.g. Ref. [5] for a discussion of this issue). Instead, it 
has to be inferred from the assumed Higgs boson production rate, combined with a measured decay 
rate in a given SM channel. As said above, though both of these are model-dependent in general, 
the presence of a dark particle should affect neither of them. Thus, a significant invisible decay rate 
would systematically suppress the branching ratios for the SM modes (see Table [1]), and in particular, 
no 77 signal should have been glimpsed. 

In this way, the tiny Higgs boson width can be measured, and used to constrain the couplings 
to dark states. Numerically, we take Mh = 125 GeV, and = 4 MeV for definiteness, and will 
conservatively require the non-standard decay rates to be less than 20% of [6]. But thanks to 
Eq. (HJ, a naive dimensional analysis shows that this should suffice to probe relatively high NP scales: 

« * "fr * "fe" ~ 5F U) -A 5 >10TeV,A 6 >l.lTeV,A 7 >0.5TeV, (2) 

where Tf irk is the width of a two-body decay to dark particles induced by an effective operator of 
dimension d. One should also keep in mind the possible improvement at the ILC, where production 
rates can be much cleaner than gg — > h , and B(h° — > could be measured to a few percent 
precision [7]. 

The possibility to indirectly detect new light particles by measuring the invisible Higgs boson width 
has already been studied quite extensively. However, most previous works require this new state to be 
the dark matter candidate. In that case, tight bounds arise from dark matter detection experiments, 
or WMAP data. In addition, the main focus is in general on the renormalizable couplings to the 
Higgs boson, the so-called portals [8]. For example, the Higgs portal was recently studied in Ref. |9j 
and the vector portal in Ref. |10j . while Ref. [11] also included the non-renormalizable couplings to 
dark fermions. 

In the present work, our goal is to study as generically as possible the impact a new light particle 
could have on the Higgs boson width. So, we will extend previous studies in three directions: 

1. We will not impose any dark matter-based constraints. Indeed, such a new light state need not 
be the dark matter candidate, but only has to live long enough to escape as missing energy 
at colliders. For instance, it could originate from some hidden sector, and depending on the 
dynamics going on there, may or may not ultimately decay into stable dark matter particles. 
Our approach can thus be understood as a model-independent first step towards unravelling the 
dark sector dynamics. 
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2. We will include all the relevant effective operators coupling a dark particle of spin 0, 1/2, 1, or 
3/2 (denoted as X = 0, ip, V, Vl/) to the SM, whether renormalizable or not. Since these dark 
particles have evaded detection up to now, they have very weak couplings with SM particles. 
So, effectively, the dark states can be considered neutral under the full SM gauge group, and 
their interactions parametrized by gauge invariant effective operators. These have recently been 
constructed in Ref. [12], and we will rely on that list quite extensively. 

3. We will not only include h — > p, but also all the other modes in which the dark states could 
play a role. Indeed, future bounds on the partially visible branching ratios, with SM particles 
and missing energy in the final states, may be far better than B(h° -+ $) < 20%, and would 
thus, according to Eq. ([2]), probe much higher NP scales. To systematically investigate these 
signatures, we will retain separately the leading effective interactions involving the Higgs boson 
alone, together with the SM gauge boson, and together with the SM fermions. In this latter case, 
we will also distinguish between baryon and lepton number conserving and violating interactions. 

Our analysis is organized according to the Higgs boson decay modes. In Section 2, we consider 
purely invisible decays, h° — > $ with $ carried away by a pair of dark particles. In Section 3, we turn 
to modes involving a neutral gauge boson together with one or two dark particles, i.e. h° — > 7 + p 
and h° — > Z + These decay channels are further analyzed in Section 4, where the impact of a 
dark gauge symmetry, and of its breakdown, is studied. In Section 5, we consider decay modes with 
SM fermions and dark particles in the final state. This includes h° — > ff + $ modes, as well as the 
invisible and radiative decay processes h° — > (7)^ and h° — > (7)^/1^. Finally, our conclusions are 
presented in Section 6, where we also discuss the interpretation of our results in case the recent hint 
of a light Higgs boson is not confirmed. 



2 Invisible channels 

Because of the SU(3)c <8> SU{2)l ® U(l)y invariance, the simplest way to couple the Higgs boson to 
a dark SM neutral state is through the combination 

H^H -4 ^(v 2 + 2vh° + h°h°) , (3) 
where the Higgs boson undergoes the shift 

Also, and throughout this work, we assume that the dark scale A is larger than the electroweak scale, 
A > v, so that H^H/A 2 — > v 2 /(2A 2 ) + ... is small and a perturbative expansion in 1/A is valid. 
With this, low-dimensional operators can be constructed for all types of invisible states [11(112]: 

n° eff = fi'H^H x + \'H ] H x 0V , (5a) 

n eff = ^f H ^ H x Mr + C -^H^H x M L , (5b) 

Hl ff = e H H^H x , (5c) 

U%) = C frfH x M M + ^H^H x ^75 , (5d) 
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Figure 1: Behavior of T(hP — > (fxj)) [left] and T(h° — > tpip) [right], normalized to the total SM Higgs 
boson width (set at = 4 MeV), as a function of = Sm^ and = Sm^,, see Eq. ([U]). For 
the fermionic case, we plot separately the scalar (~ c|) and pseudoscalar (~ cp) contributions, even 
though clr or crl is set to one separately (so 5m^ does not vanish). 



where all the couplings are real except for clr = c* RL , and one should substitute i^r — > ip^ for 
Majorana fermions. The super-renormalizable // and renormalizable A' couplings in H^ff embody 
the so-called Higgs portal [9], while £h is part of the vector portal [ID] . They are not suppressed 
by the NP scale A. In the present work, the scalar field is assumed to be charged under some dark 
quantum number, so that only A' occurs. 

All these operators induce simultaneously a correction to the invisible particle mass and an invisible 
h° — > $ decay mode. The interpretation of this correlation is different for spin 0, 1/2 and for spin 1, 
3/2 states because for the latter, a mass term explicitly breaks a dark gauge invariance, so we analyze 
these two cases separately. 



2.1 Spin and 1/2 

The mass corrections and decay rates are simple to get from the effective interactions: 

H = -c s £- , r(fc° <«0 = ^-(4$ + 4)^? . (6b) 

with /3f = 1 — 4rf, ri = nii/Mh, and cs : p = {clr ± crl)/2. The correlation between the mass 
corrections and the invisible widths can be interpreted in two ways. 



Upper bound on the dark particle mass 

First, if we assume that the invisible states are initially massless or very light, then 

» Sm^ , (7) 

with thus A' > and cs < 0. So, requiring that the invisible h width does not exceed 20% of its 
predicted SM width translates into upper bounds on the masses of these states, 

T (h° 00) < rf M /5 => m<l> < 17 GeV , 

r(/i° -> i/nf>) < Tf M /5 ^ < 1.6 GeV , [ 1 
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Figure 2: Region in the A' — and A — plane (setting either cs or cp to —1 in the rate, and 
assuming A' > 0) allowed by the constraint T(h° — > (fxj) / 'if)ip) < T^ M /5 . The red lines correspond 
to fhfaip = 0, in which case the physical mass is purely electroweak, = dm^^, see Eq. 

The upper bounds in Eq. ([8]) corresponds to the maximal mp^ = dmp^ < values such that 

these lines lie within the allowed regions. The lower bounds in Eq. (jlOp are the points at which 
these curves intersect the boundaries of the allowed regions, since the minimal m| = fh^ + <5m^ and 
m^p = rh^ + 5m^ values such that F(h° — > <p<p/ipip) « T^ M /5 are those for which m^^, « if no 
fine-tuning between the dark and electroweak mass terms is allowed. Because of the shapes of these 
curves, the bounds in Eq. (|8|) and Eq. (jTUJ) coincide. 



but for a small range close to the kinematical threshold jtu^ ~ see Fig. [TJ In the fermionic 

case, clr or crl are set to one separately, leading to similar bounds. Clearly, the constraint is much 
tighter for dark fermions, because of the extra power occurring in T(h° — > tptp). Such a low m^p 
makes it accessible to rare B decays. In this respect, the bound T(h° — > <p<p/tpip) < T^ M /5 translates 
as (see Fig. [2j) 

J T{h° -> 4>4>) < T s h M /5 => A' < 0.01 , , . 

\ F(h° -> ipip) < rf M /5 => A > 20 TeV , [ ' 

for m^^ < 30 GeV (above which the phase-space suppression kicks in). These values are too small to 
lead to sizeable flavor-changing Higgs penguins, and thus an impact on rare B decays would require 
the presence of direct couplings to quark fields. Note, by the way, that the scale reached for the dark 
fermions is similar to the scales accessible using rare B and K decays |12j . 



Lower bound on the dark particle mass 

A second way to view the correlation in Eq. ([6]) starts by imagining that a 20% enhancement of the 
h° width over the SM value is observed. Then, if it is due to the coupling to the invisible states, 
F(h° — > (jxj) i 'ipip) ~ T^ M /5, one gets a lower bound on the physical mass of the invisible states 
(see Fig. ED 

T(h° -> #) « Tf 75 17 GeV, 

T(h° -> iH>) ~ Tf M /5 rrty > 1.6 GeV . 1 ' 
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Indeed, it is highly unlikely that the Lagrangian mass m^ of these states, originating from the 
dark sector dynamics, is in any way related to the electroweak symmetry breaking. Hence, with 
m^ = m| + 5m\, m^ = m^ + Sm^, and forbidding a strong cancellation between m^ and Sm^, 
the correction 5m^ acts as a lower bound for m^. 



2.2 Spin 1 and 3/2 

The Higgs boson couplings to the spin 1 and 3/2 fields in Eq. @ explicitly break the gauge invariance 
of their respective free massless Lagrangian. Hence, when computing the h° — > VV (h° — > X I"I / ) rate, 
the 1/my (1/my) term of the polarization (spin) sum is not projected out: 

Sm* = c^ r(^f% W* + (lib) 

with ^ = (5 - 6/3| + 9/3|)/8 and = (9 - 6/3| + 5/3|)/8, including the factor 1/2 for the identical 
dark vectors. The physical masses are m v = m v + 5m v and = + 5my, with my* the 
Lagrangian mass parameters (for a complex spin 3/2 field). 

If the dark gauge invariance is dominantly broken by the H^H operators, the masses of V and \I/ 
are set by the electroweak spontaneous symmetry breaking at my^ = Smyy (which requires e# > 
and cs > 0). They are thus directly related to the corresponding invisible Higgs boson decay rates. 
But, because of the enhancement due to the 1/my or 1/my terms mentioned above, simply requiring 
the invisible width not to exceed T? M pushes these masses at the kinematical boundary 



h 

T(h°^VV)<T s h M ^m v >M h /2, 
T(h° -> < T s h M my > M h /2 . 



m=o J . , ,„ (I 2 ) 



This result crucially depends on the smallness of For example, the mass of the dark vector 

would be left unconstrained if > 320 MeV for = 125 GeV. This can be understood by setting 
f^v = £ hv 2 in T(h° — > VV), and then taking the limit ejj — > 0: 

T(h° -> VV) £H =° ~ 320 MeV . (13) 

Since this is about 80 times larger than the total SM width, the presence of this invisible decay mode 
reduces all the SM branching ratios by about 80. Obviously, the recent hint of a Higgs boson in the 
77 channel, if confirmed, would rule out such a systematic suppression. For spin 3/2 final states, the 
rate diverges if either A — > oo or eg — > because the mass is only linearly dependent on cg/A. 

Of course, once we allow for the operators in Eq. (f5cl l5d|) . there is a priori no reason for to 
vanish since the dark gauge symmetry is explicitly broken. But, with a sufficiently large fhy } y, the 
limits (|12p can be evaded thanks to the softening of the 1 / m v ^, singularity. What we can nevertheless 
say is that the bounds from T^ M ask for |e)my| < my and |£m*| < my, thereby excluding large 
portions of the sh — my and A — my planes, see Fig. [3l It should be noted that compared to 
the kinetic mixing |13| . xB^vV^ ', the exclusion region in the e# — my plane is larger than in the 
corresponding \ — my plane, see Refs. 
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Figure 3: Region in the eh — my and A — m* plane (setting either cs or cp to one in the rate, and 
assuming ejj > 0) allowed by the constraint T(h° — > VV/^^) < T^ M /5 . The red lines correspond 
to m^f = 0, in which case the physical mass is purely electroweak, my^ = Smy^, see Eq. ([XT]) . 
Except above about M/j/2, these lines lie entirely outside of the allowed region (compare with Fig. [2]), 
corresponding to the bounds in Eq. (fT2j) . Note that the mass values to the left of these curves require 
a fine-tuning between the dark and electroweak contributions to the physical masses. 

In general, some dynamical information on the dark sector is needed to draw a definite conclusion 
about the physical mass of the dark state. In addition, compared to the spin and 1/2 cases, a direct 
link between 5my^ and is quite possible, since both arise from a breaking of the dark gauge 

symmetry (this will be further studied in Section 4). For example, if we require fh v = £HV^ ark , so 
that m v = eh(v 2 + vl ark ), then 

F(h° -> VV) < rf 7 /5 Vdark > 1.1 TeV , (14) 

for my <C M/j. Similarly, for the spin 3/2 case, let us recall the supergravity [16] relation Mpi anck = 
tfsu SY I (VSm-v) = (SttGn)" 1 ^ 2 ■ Upon identifying Asusy with the dark symmetry breaking scale 
v dark , and M Planck with A/cg, this suggests setting A = cs(v 2 + v1 ark ) / '(2m*) . The divergence as 
m* — > is not cured by this replacement, so the bound on Vdark strongly depends on mq,, 

F(h° -> < rf M /5 => ^rfc > (2, 4, 14, 45) TeV for m* rj (30, 10, 1, 0.1) GeV , (15) 

when cp : s are of 0(1). 

3 Gauge channels 

The invisible states can also be produced in h° decays in conjunction with SM particles. The simplest 
effective interactions generating such final states are built from the Higgs vector current (c\y = cos 6w) 

H^V^H = H^H - H^H -»• —{v 2 + 2vh° + h°h°)Z^ , (16) 

2c w 
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and thus naturally produce decay channels with an external Z boson. For each type of dark particle, 
the leading operators are 

rr 



A 2 ' 

n e/f = % iR ^» R x i>Ll^L + j^iH^^H x VWVk , (17b) 

Hl ff = e^iH^^H x V» , (17c) 

H%) = ^iH^^H x W-fV p + ^iH^^H x ¥"7*75 * p . (17d) 

Actually, none of the dimension six operators could have a visible impact on IV First, note 
that these operators induce h° — > Z + p decay modes, and are thus experimentally entangled with 
h° — > ZZ*\-^ vv\. In the SM, the amplitude for this process is (see Fig. HJai) 

M(h° -+ Zvv) = ilMkgV 9aV J-prfvfif « iJ_ { y Ll » VL}£ * , (18) 

v l z — M^2cw vcw 

where T 2 = (p u + Pu) 2 is the virtual Z boson momentum, and e* the on-shell Z boson polarization 
vector. Because both Z bosons cannot be on-shell simultaneously for ~ 125 GeV, this amplitude 
can be matched onto a dimension-six operator of the same form as in Eq. (|17p . but with an 0(1) 
Wilson coefficient and a scale Asm ~ v. With A > v for the dark dimension-six operators, the 
h° -> Z4>4>, Zipip, or ZW processes could at best slightly enhance the h° —> Z + $ channel which 
is itself a tiny fraction of T§ (see Table [1]). So, with a precise measurement of h° — > Zvv beyond 
our reach experimentally, and the impact on Th far below the percent level, the presence of an SM 
gauge boson in the final state does not open interesting windows for scalar or fermionic dark states. 

For the production of dark vector states, the simplest operator is renormalizable. Its most inter- 
esting feature is to force any possible dark gauge symmetry to be broken along with the electroweak 
symmetry. As a result, the Z^V^ mixing induces a correction to the V mass and the l/m v term of 
the polarization sum is not projected out in the h° — > ZV rate: 

Sm 2 _ (r H,2 9 2 v A _ , H) 2 2 T(h o zv) _ (r H )2 9 2 v 2 ^ I2r 2 r 2 v + X 

<W - -(e 2 ) - [e 2 ) v , T{h -+ ZV) - (e 2 ) ^ , (19) 

where A = A(l, r 2 ,, r v ) and A(a, b, c) = a 2 + b 2 + c 2 — 2(ab + ac + be). Because the mass correction is 
necessarily negative, we have to set my > 0. As a first step, let us assume that m v = m 2 , + 5m v » 
—bm 2 ,. This is the smallest my compatible with the absence of fine-tuning between the two terms. 
Then, the unknown e 2 coupling can be eliminated in favor of my, thereby ensuring a safe behavior 
for the rate as the vector gets light 

r(„° -> zv) = vrffvte + * M (i - 4) 3 w 66 MeV (20) 

Uwc 2 w r\ Unci, r\ 

This is more than 15 times the total SM width, so we can safely set the bound 

F(h° -> ZV) < F s h M ^m v >M h -M z . (21) 



1 For the spin 3/2 operators, the singularity due to the spin sum is cured by setting A = v 2 / (2m*) . Though the 
h° —>■ Z'fy'fy rate is then no longer directly suppressed by A, it is suppressed by (Mh/v) 6 as well as by its reduced phase 
space, and B(h° — > Ztyty) < 1CP 6 . Note also that the cy operator is absent if "J obeys the Majorana condition. 
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a. 



b. 



c. 




Figure 4: (a) Comparison between the SM processes induced by h° — > ZZ*[-^ vv\ and the contact 
interactions producing h° — > ZXX, X = 0, -0, V, ^ or h° — > ZuX, X = ip,^>. Generically, the NP 
processes are suppressed by 0(v 2 / A 2 ) since the Z propagator of the SM process gets substituted by 
a 1/A 2 factor for the effective operators. (6) Same for the SM h° W^W* processes, (c) The 
fermionic channels induced by the operator of Eq. ([5]), and enhanced by C(M|/A 2 ) compared to the 
dark effective interactions of Eq. (|43[) when MFV holds. 

At the same time, when et? is not tiny, the ZV mixing couples V to the SM Z matter current. In 
that case, there are already tight constraints from various low-energy observables. For our purpose, 
it suffices to note that this mixing also shifts the Z mass, and hence the electroweak p parameter, as 

8m 2 / rr&rtx—Srriv 771?/ „ 

5 P = 1 ^ "-^ =>m v <2.4GeV, (22) 

where we use p = 1.00041qqq^ at 2a [3j. So, the window is completely closed: the tiny SM width 
T? M combined with the p parameter forbid the presence of a light vector state coupled to the SM 

li ^ y 

particles through the iH^ T> x V 11 operator when its mass is of the order of rriy ~ —Srriy. 

If we relax the constraint my ~ —5my, the bound from T^ M translates as an exclusion region in 
the £2 — my plane, see Fig. Given that the T(h° — > ZV) rate in Eq. (|2Up is closer to r^ A/ than 
T(h° -> VV), Eq. (H3J), this exclusion region is less extensive than that shown in Fig. [3l Still, this 
mode should not be disregarded, because it may be easier to measure h° — > ZV than h° — > VV. So 
in the future, this channel may provide a powerful window for dark vector states. 

4 Dark gauge connection between the invisible and gauge channels 

At this stage, it is worth discussing in more details the properties of the W H x V^V^ and iH ' T> „H x 
V^ couplings. At first sight, there is a major difference between the two. The H^H x V^V^ coupling 
manifestly breaks the dark gauge symmetry, no matter what happens to the Higgs field (but for 
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m v [GeV] m v [GeV] 

Figure 5: Region in the — my plane allowed by the constraint T(h° — > V Z) < /5 [green] and 
by the electroweak p parameter [grey]. The red line corresponds to m v = —5m v , see Eq. (|19p . Except 
above about — Mz, it lies entirely outside of the green region, corresponding to the bound ([2"T]) . 
and enters the grey area at around my « 2.4 GeV, see Eq. ([22]) . The my values to the left of this 
curve require a fine-tuning between m v and 5m v . The right panel shows the same using a logarithmic 
mass scale, in order to emphasize the strengthening of the bound as my — > 0. Note that the constraint 
on from the p parameter depends on my, but this is hidden by the plot scales. 



H = 0). So, there is no reason for the bare mass my to be absent, or related to the electroweak scale 
in any way. The iH^ T> x only breaks the dark gauge symmetry through the specific dynamics 
of the Higgs field in the SM. Indeed, before the electroweak symmetry breaking, T> 2 H — H^T> 2 H = 
at the classical level for a Higgs doublet only coupled to the SM gauge interactions [IT] . So it looks like 
the need for my > arises only after the electroweak symmetry breaking. The constraint m v ~ 
would thus appear natural, but is nevertheless excluded experimentally. 



4.1 Higgs couplings 

To gain some insight into the gauge properties of the H^H x V^V^ and iH^ T> x operators, 
let us couple the dark vector to the SM by assigning a dark U(l) charge to the Higgs doublet, 



V^H =(V- i^vA H = (V - ig^-W^ - i 9 -B^ - i^V» ) H . (23) 



(for simplicity, we do not include the in the covariant derivative). Then, the Higgs doublet kinetic 
term becomes: 

C-mggs = V^V^H = V^V^H - i^V^H xV» + ^H^H x V^V . (24) 

In this case, both the H^H x V^V^ and iH^ T> x couplings are needed to ensure the dark 
gauge invariance, and their strengths have to be related. Of course, since SM fermions are not 
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charged under the dark £7(1), this symmetry is explicitly broken by the Yukawa couplings (for the 
same reason, V 2 H^H — H^T> 2 H ^ in the SM [17j). but for now, let us concentrate on the gauge 
and Higgs sectors. 

After the electroweak symmetry breaking, the mass term is not diagonal 



1 M 2 f h°\ 2 A 

V^V^H -> -d^h°d^h° + ^l + v ) (Z„ + XVJ (Z» + \V^) , A = ^-j- , (25) 

so the gauge bosons need to be redefined (from now on, the unrotated Lagrangian fields are denoted 
with a bar). The physical Z mass is corrected as M§(1 + A 2 ), with M^c 2 ^ = Myy and My/ = gv/2, 
but the physical V state remains massless because the correction coming from the Z^ x V^ mixing 
cancels exactly that from the H'H x V^V^ term. Further, diagonalizing the gauge bosons' mass term 
diagonalizes also their couplings to the Higgs boson, so no direct h°ZV or h°VV vertices remain. 

On the contrary, if a bare mass my is introduced, the vector boson masses and couplings to the 
Higgs boson get misaligned. In the mass eigenstate basis, the Higgs couplings to V no longer vanish, 
but are proportional to its physical mass my. 

1 1„ ,n„,„n M| / 



V^V^H + -m\%V» -> -d^h°d^h° + ^^l + -j (1 + A 2 ) Z^Z* 

+ T 1 ( V + ^ ) ( 2 *^" + ^ + > ( 26 ) 

where we retain only the leading order in A and ryz = my /Mz- Because of these mass factors, not 
only are the h° — > ZV and h° — > VV rates safe in the my — > limit, but they actually vanish: 

T(h° -+ VV) = ^^ryz (3 " Wy + 3^) A 4 mv= ~ ^ (14 MeV) x A 4 , (27a) 

T(h° -> ZV) = ^^r 2 vz (I2r 2 v r 2 + A) A 2 mv= % G ° V (6 MeV) x A 2 . (27b) 

Impressively, this occurs even when the Higgs mechanism is not generating the bulk of the mass of 
the dark vector, since a non-zero my must arise from the dark sector. Phenomenologically, for the 
my values which maximize each rate, requiring T(h° -> VV/ZV) < Tf M /5 translates as A < 0.5. 
For comparison, the p parameter is modified as 5p ~ —A 2 , which translates [3] as A < 0.03. Other 
electroweak constraints may even be stronger (see e.g. Ref. [1411150 18]). but that from the p parameter 
already suffices to push the branching ratios down to B(h — > VV) < 3 x 10~ 6 and B(h° — > ZV) < 
1.4 x 10~ 3 . So, even though T(h° — > ZV) may not be particularly small (it could be of the same order 
as T(h° — > 77)), these processes cannot significantly affect T^ A:f , no matter the vector mass. 

So, whether my vanishes or not, the dark vector may be best searched for through its couplings 
to SM fermions. As said earlier, given Eq. ()23|) . the Yukawa couplings are invariant under the dark 
U(l) only once fermions are charged. But, assigning the adequate dark charges to the fermions, the 
V field couples exactly like the B field, so a unitary rotation permits one to completely decouple V 
from the SM. Of course, this unitary rotation can be performed only when my = 0. If my > 0, the 
mass matrix selects the physical eigenstates, and the V field retains some couplings to the fermions, 
tuned by A. In this respect, note that A should be small for V to show up as missing energy, and 
not as a fermion pair, at colliders. In addition, there are already very tight constraints on A from 
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low-energy experiments (from beam dump, anomalous magnetic moments, quarkonium decays,..., see 
e.g. Ref. OESHIl] ) , so the vector should be heavy, my > 10 GeV say, to evade or loosen them. 

Actually, no matter its mass and the details of its fermionic couplings, we can immediately infer 
from the SM rates that the h°VZ and hP^Z effective vertices arising from an SM fermion loop (or 
W + W~ loop, if V couples to W) are too small to affect the h° total rate. Indeed, we can write 
T(h° jV) « T{h° -> ZV) « X 2 T SM {h° -> 7 Z) and T{h° -> VV) « A 4 r 5M (/t° -> 7 Z), up to 
phase-space corrections, since the 7Z and 77 final states can be produced only through such loops. 
Given the SM rates in Table [1] and the bound A < 0.03 from the p parameter, these branching ratios 
are prohibitively small, B{h° 7 V) « -> ZV) < 10" 6 and -> VV) < 10" 9 . The fermionic 
loops are thus subleading compared to the direct couplings to the Higgs boson, see Eq. (f2T|) . 



4.2 Gauge couplings 

The Higgs coupling scenario of the previous section is related to the kinetic mixing scenario, defined 
by introducing the dark vector through the gauge invariant coupling [13J: 

flange = f ^ X V>» • (28) 

Indeed, when the kinetic terms of the B and V fields are diagonalized through the non-unitary 
transformation |13|,I19| (we follow the notations of Ref. |15] . to which we refer for more details) 

B \ _v ( 1 Sinll? ? \( B \ = S[nhV (?Q\ 

V ) \ cosh?? J V V ) > X cosh?? ' 1 J 

one ends up with V couplings to the SM particles aligned with the SM hypercharges. As explained 
at the end in the previous section, a unitary transformation then permits one to completely decouple 
the dark vector from the SM [13J. 

When my > 0, this unitary transformation cannot be done. Instead, after putting the kinetic term 
in its canonical form, the mass matrix freezes the physical V and B states, and the V field remains 
coupled to SM particles. To analyze those with the Higgs boson (which are missing in Ref. |15| ) 
without going through the full diagonalization, let us assume x ^ 1 an d rewrite the kinetic mixing 
as 

4auge = X^W^T X V v + X S W Z U X d^ V , (30) 

where we integrated by parts, and set d^F^ u = —J^ m . The impact of the first term can be estimated 
as T{h° -> ZV) w x 2 r(/i° -»• Z7), T(h° -> 7V) x 2 ^(h° 77), and T(h° -> VV) w x^(h° 77), 
up to phase-space corrections. Because the electromagnetic field is not directly coupled to h , all 
these processes are very suppressed, even with x ~ C(l), and thus no constraints can be drawn from 

1 h ■ 

The second term appears more interesting since the Z boson does have a tree-level coupling to the 
Higgs boson, see Eq. (|25[) . Treating the kinetic mixing as a mass insertion, the induced V couplings 
to h° are, using d^V^ = —m v V u , 



(31) 



with ryz = my/Mz (the exact diagonalization of Ref. [15] leads to the same result when expanded 
around x = 0). Once more, in the my — > limit, these couplings tend to zero, and so do the decay 
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rates. They are obtained from those in Eq. (|27p by substituting 



A^^- (32) 
1 ~ r vz 



So, requiring I\ to stay within 20% of its SM value implies X ^5 0-7 f° r m v < — Mz- Since such 
large values are excluded by the p parameter [15], no visible impact on could arise. Despite of 
this, it should be remarked again that the T(h° -> ZV) could be our best window for this scenario 
since it is not invisible and could have a rate of the order of F SM (h° — > 77), see Eq. (|27p . 

4.3 Effective couplings 

From the previous two scenarios, we can conclude that renormalizable and gauge-invariant couplings 
of the dark vector to the SM do not open new sizable Higgs boson decay channels, because a dark 
gauge invariance combined with the SM gauge invariance prevents a direct coupling to the Higgs 
boson. When the dark symmetry is softly broken by a V mass term, as required to prevent this 
field from being rotated away, its direct couplings to the Higgs boson are proportional to the vector 
physical mass, and the decay rates are very small. Alternatively, the V can couple to the Higgs boson 
at the loop level, but the fermion and W + W~ loops are very suppressed, and so are the rates. Hence, 
to get a visible impact on the total Higgs boson width, one needs a hard breaking of the dark gauge 
invariance, for example by decoupling the strength of the H'H x V^V^ and iH* T> x operators, 
as was analyzed in Sees. 2 and 3 (see also Ref. [10] for an implementation based on the Stuckelberg 
mechanism) . 

In view of this, if the dark gauge invariance is unbroken or broken only softly, then the largest 
effects could actually come from higher-dimensional operators 

Miff-gauge = Jz^HB^ X + ^HB, U X V^ (33) 

+ ^WH x V^V" + ^H^H x V^V^ (34) 
+ |§#V W/, x + |§#VflW^ x + ^iH^ u H x , (35) 

with V^v = dpV v — d u V^, V pv = e^ upa V p<T /2. These manifestly gauge-invariant interactions do not 
generate a vector mass, but directly induce the h° — > VV, h° — > ZV, and h° — > jV processes. Thanks 
to the dark gauge invariance, these rates are safe in the my — > limit 

F(h VV) = _^_M^ (r? | (3 + 2/3 2 + 3/3 4 } + 8 ~2 p 2 ) f (36a) 

r(fc° -+ IV) = - r v f(vh + vh) , (36b) 

v 2 M 4 r 

T(h° -> ZV) = — — -A^A vl(Qr 2 v r z + A) + fj 2 31 X (36c) 



8-KM h A 4 



„2 



2r| 



(12r|(l - r 2 v - r 2 z )fj mi + (12r 2 v r 2 + X)fjj) 



(36d) 
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with A = \{l,r%,r v ), rj^ = grn/2c Wl Vis = cwm-^wm, V3i = cwm + swVi, and similarly for 7713,31- 
The scales A are then bounded as 

T(h° -> VV) < Tf M /5 => A > 1.9 TeV (r/ 2 , r/ 2 ~ 0(1)) , 

r(/i° -> 7 y) < rf M /5 a > 1.5 / 1.1 TeV fa, ^ / % ~ 0(1)) , (37) 

T(h° -> ZV) < rf M /5 => A > 0.6 / 0.8 / 0.2 TeV (r/i, % / r? 3 , m I V* ~ 0(1)) . 

The vector is taken as massless for all the bounds except 774. Since d^V^ v vanishes for my = 0, 
it is given for my = 25 GeV. Actually, the 774 operator can be matched onto the Z^V^ couplings 
studied in the previous two scenarios, see e.g. the last coupling of Eq. (f30j) . so it is expected to remain 
unconstrained by the total SM Higgs decay width (remember that consistency requires A > v ~ 246 
GeV). Also, it must be remarked that the first operator regenerates the kinetic mixing (|28p . with 
X = T]iv 2 1 A 2 < 0.03. Low-energy constraints on x, and thereby on r\\v 2 /A 2 , are thus much stronger 
when my is light (see e.g. Ref. [IS])- For larger masses, my > 10 GeV say, these other bounds 
are either evaded or satisfied for % ^ 0.03. The other couplings are not constrained yet, because 
the r]2V 2 /A 2 term induces an innocuous wavefunction renormalization, while those proportional to 
are total derivatives and can be dropped [20 . 
This effective operator approach can be extended to spin 3/2 states, for which it is impossible to 
construct renormalizable gauge invariant couplings to the SM. For instance, the leading manifestly 
gauge-invariant operators involving H^H are 

Kff- gau9e = x W^, v + °f^H x ^ 75 vIV + - , (38a) 

with ^ = — p. As for the dark vector case, these couplings do not correct my and the 

decay rates are automatically safe in the my — > limit thanks to the derivatives occurring in 

r(h° -> *¥) = + , (39) 

with = (5 + 6/3| + 9/3|)/20 and % = (9 + 60$ + 5/3|)/20. Setting my = 0, the tiny SM Higgs 
boson width implies 

T(h° < rf M /5 => A > 0.7 TeV . (40) 

Though this scale is rather low, it must be stressed that rare decays typically produce looser bounds 
because gauge-invariant FCNC operators are at least of dimension eight [12]. So, T/j may actually be 
our best window in case \& is required to couple in a manifestly gauge-invariant way. 



5 Fermionic channels 

Let us now turn to the decays involving SM fermions together with dark states, starting with those 
which conserve lepton and baryon numbers. 



5.1 Baryon and lepton number conserving channels 

Because of the required SU(3)c <8> SU(2)l <g) U(1)y invariance, there are two kinds of fermionic 
operators. The couplings of the dark states to scalar or tensor quark and lepton currents always 
involve a Higgs field, 

T S = HWQ, WEL, H*WQ, Y t = H^Da^Q, H^Ea^L, H*Wa^Q , (41) 
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Spin 


Spin 1/2 


Spin 1 


Spin 3/2 


g% 0.062 

9t 4 • io- 4 

gf 2.6 • IO" 6 
gf 1.4 • 10- 8 


fE,R 3.7 -10- 8 
flu 5.4 -10- 8 
f 6.0 • 10~ 7 


h T 0.0062 
h v 0.0015(*) 


/#p io- io n 

ft 10~ 9 (**) 
f V A 10 -io n 



Table 2: Branching ratios for hP — > ff + as induced by the operators in Eq. f|43j) . We set A = 500 
GeV, M/j = 125 GeV, = 4 MeV, the masses of the SM fermions and of the dark particles to zero, 
and each Wilson coefficient to one in turn. Summation over the N c = 3 colors for quark states, as 
well as over fermion species, has not been done. If all final states are produced equally, even when 
flavor-violating, these branching ratios should be multiplied by 6N C + 3N C + 6 = 33. In that case, the 
width for the modes induced by and h T become significant compared to . For the non-gauge 
invariant operators, we use Eq. (|11|) and set (*) my = h v v and (**) A = n 2 /(2m$). In this latter 
case, we quote the branching ratios for = 35 GeV, where they are maximum. Note that for both 
the dark spin 1 and 3/2 states, these electroweak masses lead to very suppressed decay rates (compare 
with Eq. ([12]) ) because of the high dimensionality of the operators. 



while those to the vector and axial vector currents need an additional H'H pair to contribute to hP 
decays, 



rjf = H^HQjuQ, H^HD^D, H^HL^L, H^HE^E, 



(42) 



where the triplet SU(2)l contractions for fermionic doublets are implicitly included. In terms of these 
currents, the simplest operators are (the hermitian conjugate for the operators with V s and T T are 
understood) 



H eff 



H 



1/2 



^-T s x 6+ ^-T s x 
A A 2 

ff 



fi 



L,R-rS w „7 „/. i ft r T v , 7 uvi, , J L,R r v 



H 



H 



y3 T° x ^ l ,r^r,l + ^ X ijjRa^L + x ^L,RT^L,R , 

eft = ^ >< ^ + ^ >< V > 

%f V s x ^(1,75)^ + rj„ x ^(i, 75 )^ ] + §r£, x H p o^o 



3/2 



A 3 



f v 



4- ^irj x *w>»)*p • 



(43a) 
(43b) 
(43c) 

(43d) 



Most of these interactions do not appear very promising for several reasons. Firstly, they have 
high dimensions compared to those studied in the previous sections, and they involve many particles 
so the decay rates are significantly phase-space suppressed. This is apparent in Table [21 with only 
the h° — > ffcf) and hP — > ffV channels, induced by and h T , potentially large enough. Note that 
the magnetic operator tuned by h T is gauge invariant, so the limit my — > is safe. Also, remember 
that the g^ coupling is forbidden if the scalar is charged, or if a Z2 symmetry — > —<fi is enforced, as 
done to remove the potentially much larger effects from the // coupling of Eq. (|5a|) . 

Secondly, we cannot expect a precise measurement of all the fermionic decay channels in the near 
future. In addition, most of these operators are obscured either by an SM process, or by the processes 
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induced by the lower-dimensional operators considered in the previous sections. To illustrate this, 
consider first the operators involving FY- When flavor-diagonal, they are directly obtained from those 
in Eq. (fT7|) by coupling the Z boson to SM fermions (see Fig. [3b.). Those processes are suppressed by 
1/M| when the Z is off-shell, to be compared with the additional 1/A 2 power introduced in Eq. (|43p. 
Further, a reasoning similar to that done following Eq. (|18p shows that all the vector operators 
producing pairs of dark particles are not competitive compared to h — > Z*Z* — > f fvv. They have 
the same experimental signatures, but F(h° — > ff + $) < F SM (h° — > Z*Z*) for A > v (the same 
applies to the h° — > W*W* processes for leptonic final states, see Fig. 0b)- 

The situation is similar for the scalar and most tensor operators, though the flavor structure of 
the Wilson coefficients here plays a role. If we assume that the Minimal Flavor Violation (MFV) 
ansatz |21| is valid, all the flavor violation is induced by the SM dynamics. This permits one to evade 
the tight constraints derived from rare K and B decays when the dark particle is light |12J . But 
then, the chirality flip is tuned by the SM fermion masses, for example D I ^Y ( iQ J — > d I R m ( id , [ / 'v , with 
rrirf the diagonal down quark mass matrix. These are precisely the SM couplings of the Higgs boson 
to SM fermions. So, all the scalar and some of the tensor effective operators of Eq. (|43p appear as 
0(M 2 /A 2 ) corrections to the operators of Sec. 2, as induced by the h°h° term of Eq. ©, see Fig. [Jb. 
In this respect, the magnetic h T Fj^ u x V^ v operator appears again as the most promising, because it 
is entirely independent from previously considered operators. 

In summary, the only accessible operators are those inducing the h — > ff'4> and h — > ff'V 
modes, with //' = d 1 d J , I 1 P , u K u L , I,J = 1,2,3, K, L = 1,2 the flavor indices. If the scale A is at 
or below the TeV scale and if the Wilson coefficients are generic, so that the required chirality flip is 
not induced by the fermion masses, then they are large enough to show up in the h° — > Z*Z* — > j 'fvv 
decay channels and, for leptonic final states, in the h° — > W*W* — > Iv^vy decay channels. 



5.2 Baryon and lepton number violating channels 

Assuming the dark particles are colorless, the operators violating baryon number (B) require at least 
three quark fields |12j . and thus have too high dimensions to play any role in h° decays. By contrast, 
those violating lepton number (£) are constructed out of the simple field combination 

HL -> -L („ + h°) Vi f (44) 

which directly couples the Higgs boson to neutrinos. The simplest such operators are [T2] 

■H eff = ^HL C LH x cj) + ^HL C LH x ^ + h.c. , (45a) 
H l ' 2 f = b H x $ R L + %B^H x ^ro^L + ^W'Ht 1 x $ R a» v L + h.c. , (45b) 



nl ff = ^Hl c V^LH xV^ + ^HL c LV^H xF + ^HL c o^LH x V*" + h.c. , (45c) 
H% 2 f = ^-V^H x WL + ^B^H x ^Y ] L + ^W'Ht 1 x + h.c. . (45d) 



Because the neutrinos are fermions, the AC operators for dark scalar or vector states must involve 
twice the combination (|44p . They are strongly suppressed by their higher dimensionality and by the 
three or four body phase-space, hence need not be considered anymore. On the other hand, the 
leading operators for dark fermions can have low dimensions. In the spin 1/2 case, this embodies the 
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so-called neutrino portal [22]. Let us note also that strictly speaking, it suffices to assign a non-zero 
C to the dark fermions for those operators to be AC = 0. In this sense, it is not sufficient to enforce 
the SM global symmetries to discard them. 

For the dark spin 1/2 state, the leading renormalizable operator cannot have any impact on T^, 
because bo must be tiny to avoid inducing a too large neutrino masa^l Let us thus consider the 
non-renormalizable W^Ht 1 x t^rg^L and B^ y H x ipRa^L operators, which drive h° — > W + £~tp, 
h° — > Zvip, and h° — > jvifi. The first two processes do not offer interesting windows because they 
cannot be distinguished from the h° — > W + W~{— > i~v\ and h° — > ZZ[—t vv\ transitions. A reasoning 
similar to that following Eq. CEHD shows that F(h° -)• W + £~tp) < T SM (h° -)• W + £~u) and F(h° -> 
Zvip) < T SM (h° -> Zvv) when A > v, see Figs. HJx and©. 

The situation for hP — > ^vijj is different since there is no tree- level h Zj vertex, and the h° — > 
r )Z\—t vv\ rate is very suppressed in the SM, see Table [TJ On the other hand, for rrif = (thus 
discarding the operator of Eq. (|5bp). summing over the three neutrino flavors, and assuming lepton 
universality for the b\^. coefficients: 

B(h° - = ^ MliC t^f 2? * = W ^ - 2 . 0-1) % for A = (0.3 , 0.5 , 1) TeV , (46) 

which is larger than B(hP — > 7Z) or B(h° — > 77) when A < 850 GeV, but remain smaller than 
B(h° — > WW*, ZZ*) for all values A > v, in good agreement with the expected 0(v 2 /A 2 ) suppression 
of the amplitude mentioned above. Whether such a signal can be seen would require a detailed 
analysis. For now, we just conclude that the total SM Higgs boson width does not constrain the 
spin 1/2 operators in Eq. (|45ft . 

For the dark spin 3/2 state, the next-to-leading operators lead to the same signatures as for dark 
spin 1/2 states. However, the leading operator T>^H x fy^L is no longer constrained by neutrino 
masses, and induces the invisible h° — > tyv decay. The rate is, for each neutrino flavor I = e, [i, r: 



rfh° -a \T/,, ^ — M h (1 r ^ 4 |^ 



2 



96vrA 2 r| 



(47) 



Inspired by Eq. (fTTj) . the m^ 2 singularity is cured by setting A = v 2 /(2m^,), so that 

T(h° 9ut) = ^(1 - r|) 4 |4| 2 « (110 MeV) x (1 - r|) 4 |4| 2 . (48) 

This is too large compared to for all values of the mass except for a tiny range close to the 

kinematical threshold, now at mq, = Mh- This shows that the tiny is incompatible with a dark 
spin 3/2 particle coupled through the neutrino portal, at least as long as its mass is generated by 
electroweak scale physics as mm = v 2 /2A. 

To generalize this result to arbitrary masses, we follow the same strategy as in the previous 
sections and introduce a Lagrangian mass term fh^. Then, the exclusion region in the A — plane 
is shown in Fig. [6J Though the Higgs portal operator H^^^! ^ leads to even tighter constraints on 
A, the bounds on the scale are comparable for > 5 GeV. In any case, light spin 3/2 states are 
clearly incompatible with small NP scales, at least when coupled to the SM through these effective 
interactions. 



2 This holds even if 1/) is a heavy fourth generation neutrino, as in Ref. [23] . Indeed, by assumption, the L fields in 
Eq. H45[) stand for SM fields, i.e., only the first three generations. So bo is necessarily bounded by the light neutrino 
masses. This also means that the h° — > U41/4 process is not induced by the bo operator. Rather, it could originate from 
the four-generation Hva^Li (Dirac) or HL4 L4H (Majorana) mass operator. The correlation between the electroweak 
mass correction and the Higgs boson coupling is then the same as that studied in Sec. 2.1, see Eq. ([6|. 
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Figure 6: Region in the A — my plane allowed by requiring T(h° — > ^v) < YfJ^ /h [blue], as induced 
by the operator of Eq. (|45p . We have set = 1 and summed over I = e, r and = + ^v. 
The allowed area for the h° — > mode [green], as induced by the operator of Eq. (|5d|) and shown in 
Fig- El is here plotted using the logarithmic mass scale. The red line denotes = v 2 /(2A), and lies 
entirely out of the allowed regions, except for masses just below or anywhere above the kinematical 
endpoints. 



6 Summary and conclusion 

In this paper, the decays of the Higgs boson to new light neutral particles of spin 0, 1/2, 1, and 3/2, 
respectively denoted (ft, ip, V, and were systematically analyzed. We have included all the leading 
effective operators, whether renormalizable or not, and characterized their possible signatures. These 
dark particles were not assumed stable but only sufficiently long-lived to escape as missing energy. 
They are thus not necessarily viable dark matter candidates, and the corresponding constraints from 
direct detection or cosmology were not imposed. On the other hand, we have shown that the tiny 
SM width of a light Higgs boson already suffices to derive strong constraints on their couplings 
to the SM. 

Thanks to their mild phase-space suppression, the two-body invisible h° — > <p<p, tpip, VV, de- 
cays offer the best windows (see Fig. [7]). Further, their rates are tightly correlated with the electroweak 
contributions to the masses of these particles, a fact we have used to set limits on the physical masses 
of these states under various scenarios. We have also identified other two-body decays of interest. 
Firstly, the h° — > \tf decay could actually be our prime window for dark spin 3/2 states (see Fig. [7]), 
especially if ^ carries a non-zero lepton number. Secondly, the h — > ZV decay is a competitive, 
partially visible channel to search for dark vectors. It would show up as a monochromatic peak over 
the three-body SM hP — > ZZ*[-^r vv\ process. Even though a precise measurement of the latter is 
challenging, a future experimental bound on T(h° — > Z + could be far tighter than on F(h° 
Finally, the hP — > "fV decay mode does not appear competitive, because it proceeds either at the loop 
level, or through higher dimensional operators. 

It should be stressed that for dark spin 1 and spin 3/2 particles, the fate of the dark gauge 
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Figure 7: Comparison between the dominant rates into dark particles and the total SM Higgs boson 
width, as a function of the Higgs boson mass Mh and setting the Wilson coefficients of the relevant 
operators to one. The dark rates are plotted assuming purely electroweak dark particle masses, and 
thus represents natural upper bounds. Indeed, if one tries to increase a given dark rate by enhancing 
the coupling to the Higgs boson, then the dark particle gets more massive and the curve also shifts 
to the right. The only way to prevent this would be to allow for a strong cancellation between the 
dark and electroweak contributions to the dark particle mass, i.e., to fine-tune them. So, barring this, 
dark scalars or fermions can never hide a heavy Higgs boson, while dark vectors and spin 3/2 states 
could, but only when the breaking of the dark gauge invariance is hard. 



symmetry determines the strength of the possible signals. For dark vectors, we identified three 
different setups. First, if this symmetry is unbroken, the only couplings to h° originate from non- 
renormalizable operators. A 20% enhancement over requires a rather low NP scale, at around 
1 TeV. Second, if this symmetry is broken only softly by the dark vector mass, the renormalizable 
h°VV and h°VZ couplings end up proportional to this soft breaking term, and the decay rates are 
too small to affect (though B(h° — > ZV) could reach a few per mil). Third, it is only in the 

presence of a hard breaking of the dark gauge invariance that T(hP — > VV) and/or T(h° — > ZV) can 
compete with, and even surpass, the SM Higgs boson decay rates. For dark spin 3/2 particles, the 
situation is simpler because it is not possible to construct renormalizable couplings of ^ with the SM. 
A strict enforcement of the dark gauge symmetry on the effective operators prevents any effect for a 
NP scale above about 1 TeV, while T(h° — > and/or r(fo° — > ^v) can be huge even for extremely 
high NP scales when the effective operators explicitly break this symmetry (see Fig. [6|). 
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By contrast, we found most processes with SM fermions in the final states to be too small to be 
observed. This stems from their experimental entanglement with the h° — > Z^Z* and h° — > W^W* 
decays, see Fig. [H With the NP scale above the electroweak scale, the SM rates are always larger. 
The only exceptions, besides hP — > ^u, are the three body decays h° — > ff'4>, h° — > ff'V, h° — > ywp, 
and h° — > ji/^, thanks to the milder phase-space suppression and lower dimension of the effective 
operators. Still, none of these modes could be dominant, so they would require dedicated searches to 
be competitive with two-body processes. 

To close our analysis, let us go back and relax our starting assumption. Specifically, throughout 
the paper, the recent hint [1] of a Higgs boson at around = 125 GeV, mainly in the 77 channel, 
was used to set a bound on the width of the Higgs boson. Indeed, such a signal should not have been 
seen if the total Higgs boson width were enhanced by some new decay channels. But, if this signal is 
not confirmed, the exclusion range for the SM Higgs boson mass would essentially extend all the way 
up to about 600 GeV. 

In this perspective, the presence of a light dark state coupled to h° could play a crucial role. 
Clearly, a new large decay channel would invalidate the exclusion range, since it would significantly 
suppress the branching ratios to SM final states. To check if and when this is possible, we plotted 
in Fig. [7] the dominant h° decay rates to dark states as a function of the Higgs boson mass. As can 
be seen, the rates get larger as the dark particle spin increases, whether the leading operators are 
renormalizable ((/> and V) or not (tp and ^f). Note that the plotted dark rates can be understood a 
upper bounds, assuming the absence of a strong fine-tuning between the dark sector and electroweak 
contributions to the dark particle masses (the latter originating from Eq. ([5])). 

While any type of dark particles could hide a light Higgs boson, a fact extensively used in this 
paper, this is not true for larger masses. Specifically, the h — > (j)(f> and h° — > ifiip rates are always too 
small compared to the SM width for > 160 GeV and > 180 GeV, respectively. For heavier 
Higgs boson masses, only dark vector and spin 3/2 particles could have hampered the Higgs boson 
searches through SM decay channels, and this provided first that their couplings to the Higgs boson 
explicitly break a dark gauge invariance, and second that their physical masses are of the order of 
the electroweak contributions stemming from Eq. ([5]). This clearly shows that the tiny SM width of a 
light Higgs boson could be a gift from Nature, allowing us to probe for the presence of yet unknown 
relatively light neutral particles with an unprecedented sensitivity. 
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